Abstract: Ganoderma triterpenes (GTs) are the major secondary metabolites of Ganoderma lucidum, which is a popularly used traditional Chinese medicine for complementary cancer therapy. The present study was to establish a fingerprint evaluation system based on Similarity Analysis (SA), Cluster Analysis (CA) and Principal Component Analysis (PCA) for the identification and quality control of G. lucidum. Fifteen samples from the Chinese provinces of Hainan, Neimeng, Shangdong, Jilin, Anhui, Henan, Yunnan, Guangxi and Fujian were analyzed by HPLC-PAD and HPLC-MS n . Forty-seven compounds were detected by HPLC, of which forty-two compounds were tentatively identified by comparing their retention times and mass spectrometry data with that of reference compounds and reviewing the literature. Ganoderic acid B, 3,7,15-trihydroxy-11,23-dioxolanost-8,16-dien-26-oic acid, lucidenic acid A, ganoderic acid G, and 3,7-oxo-12-acetylganoderic acid DM were deemed to be the marker compounds to distinguish the samples with different quality according to both CA and PCA. This study provides helpful chemical information for further research on the anti-tumor activity and mechanism of action of G. lucidum. The results proved that fingerprints combined with chemometrics are a simple, rapid and effective method for the quality control of G. lucidum.
Introduction
Ganoderma lucidum (Leyss. ex Fr.) Karstis is one of the most highly used medicinal fungi in the world. Its fruiting body, called lingzhi or reishi, has been widely used in traditional Chinese medicine (TCM) as a dietary supplement and medicinal herb in China and other eastern countries. Modern medical research has indicated that G. lucidum has comprehensive biological activities, such as anti-cancer [1] [2] [3] [4] [5] , immune-modulating [1, 3, 6] , anti-oxidant [6] [7] [8] , anti-microbial [9] , anti-inflammatory [10] , anti-HIV-1 [11] , and so on, among which the most attractive is its anti-cancer activity.
To date, more than 400 compounds were isolated and identified from G. lucidum. Over 150 compounds such as ganoderic acid A (GA-A), GA-C 2 , GA-D, GA-DM, GA-lactone, ganoderiol F, ganodermanotriol and so on belong to the Ganoderma terpene (GT) class which are regarded as the main medicinal components [9, [12] [13] [14] [15] . Accumulating evidence has shown that GTs can inhibit the proliferation of hepatoma cells and HeLa cells, as well as human colon cancer cells HT-29 [16] [17] [18] . The type and content of triterpene acids reflects the quality of G. lucidum, so GTs could be used as marker components to evaluate the quality of G. lucidum.
The therapeutic effects of traditional Chinese medicines (TCMs) are based on the complex interactions of numerous complicated chemical constituents as a whole system, so methods are needed in order to control the quality of this complex system. In this case, HPLC fingerprints of key components provide a new approach for quality control of traditional Chinese medicines. There are many studies about fingerprints analysis combined with chemometrics for the quality control of traditional Chinese medicines and to find the bioactive components [19] [20] [21] .
Some studies on the fingerprints of G. lucidum have been reported [22] [23] [24] [25] , but in these studies, only a few compounds were identified by HPLC-MS n . Yang [26] focused on chemical identification of the GTs, and identified thirty-two compounds, but no marker compounds were found from cluster analysis (CA) and principal component analysis (PCA).
In the present study, forty-seven peaks were detected in HPLC-PDA, of which thirty-seven were common peaks in the similarity analysis. Forty-two known triterpenoids were identified by high-resolution liquid mass spectrometry. To the best of our knowledge, this is the first time that so many compounds were identified. We also found for the first time that ganoderic acid B, 3,7,15-trihydroxy-11,23-dioxo-lanost-8,16-dien-26-oic acid, lucidenic acid A, ganoderic acid G, and 3,7-oxo-12-acetylganoderic acid DM might be suitable marker compounds to distinguish between G. lucidum samples of different quality, according to CA and PCA. This study provides helpful chemical information for further research on the anti-tumor activity and mechanism of action of G. lucidum. The method developed in our study also provides a scientific foundation for the quality control of G. lucidum.
Results and Discussion

Validation of the Method
The relative retention time, relative peak area and similarities were used to evaluate the quality of the fingerprints. Dehydrotumulosic acid (peak 15) which is a large single peak in the middle of the chromatogram, was assigned as the reference peak to calculate relative retention times and relative peak areas.
The precision was determined by repeated injection of the same sample solution six consecutive times. The RSDs of relative retention time and relative peak area of the common peaks were all below 0.94% and 2.88%, respectively; the similarities of different chromatograms were all above 0.995.
The repeatability was evaluated by the analysis of six prepared samples. The RSDs of relative retention time and relative retention time of the common peaks were all below 0.95% and 2.86%, respectively; the similarities of different chromatograms were all above 0.995.
Stability testing was performed with one sample over 24 h. The RSDs of relative retention time and relative retention time of the common peaks were all below 1.06% and 2.71%; the similarities of different chromatograms were all 1.000. All these results indicated that the samples remained stable during the testing period and the conditions were satisfactory for the fingerprint analysis.
Similarity Analysis (SA)
The chromatographic profile must be representative of all the samples and have the features of integrity and fuzziness. By analyzing the mutual pattern of chromatograms, the identification and authentication of the samples can be conducted well even if the amounts of some chemical constituents are different from the others.
Fifteen batches of samples from different habitats were determined and the chromatograms were analyzed by SES to generate a common pattern R (Figure 1 ). The peak area of the common peaks was list in the supplementary materials. SES for Chromatographic Fingerprint was performed to calculate the similarities of different chromatograms compared to the common pattern. The results are shown in Table 1 . Figure 1 . Overlaid HPLC chromatograms of samples from No. S1 to S15. The common pattern (marked R) was obtained by using the Similarity Evaluation System (SES) for the Chromatographic Fingerprints of TCMs.
The conclusion can be drawn from the results that the similarities of different chromatograms compared to the common pattern are all above 0.800, except for samples S7 (0.791) and S9 (0.772), which indicates that the chemical constituents of different samples are not highly influenced by their sources. The common pattern is a very positive identification for the samples of G. lucidum.
Identification of the Compounds Present
HPLC-ESI-MS n method was employed to identify the components in G. lucidum (Figures 2 and 3 ) Molecular weights and fragmentation information (Tables 2 and 3) were obtained. The possible structures of 37 common peaks and ten other peaks a1-a10 were deduced, as shown in Figure 4 . Under the optimized MS conditions, the negative mode was used to identify the peaks. 
HPLC-ESI-MS n method was employed to identify the components in G. lucidum (Figures 2 and 3 ) Molecular weights and fragmentation information (Tables 2 and 3) were obtained. The possible structures of 37 common peaks and ten other peaks a1-a10 were deduced, as shown in Figure 4 . Under the optimized MS conditions, the negative mode was used to identify the peaks. In type A and C, the molecular weight of pyrolysis fragments of D ring was 194, while there is a ∆ 20, 22 or ∆ 16, 17, the molecular weight of pyrolysis fragments of D ring was 192. In type B, the molecular weight of pyrolysis fragments of D ring was 138. In type D, the molecular weight of pyrolysis fragments of D ring was 178. In type E, the molecular weight of pyrolysis fragments of D ring was 80, only for compound 34. In type F, the molecular weight of pyrolysis fragments of D ring was also 194, without R 1 , R 2 , R 3 , and R 4 , only for compound 35. In type G, the molecular weight of pyrolysis fragments of D ring was also 178, without R 2 , R 3 , and R 4 , only for compound 35. In type H, the molecular weight of pyrolysis fragments of D ring was also 192, without C=C, only for compound a2.
Cluster Analysis (CA)
Cluster analysis is a multivariate analysis technique that is used to sort samples into groups. It is widely applied for fingerprint analysis, because it is a nonparametric data interpretation method and simple to use. CA provides a visual representation of complex data. Average linkage between groups was applied, and Pearson correlation was selected as a measurement. The method can classify different herbs by measuring the peak areas from their corresponding HPLC fingerprints. The common characteristic peaks, which were calculated by the Similarity Evaluation System, were selected for the CA. Cluster analysis of G. lucidum samples was performed based on the relative peak areas of all 37 common peaks.
The CA results are shown in Figure 5 , where the quality characteristics are revealed more clearly. The cluster analysis results show that the samples could be divided into three quality clusters. Among them, Cluster I includes the samples S2, S6, S5, S1, S11 and S7, Cluster III includes S13 S14 and S12, the others are in Cluster II. All the compounds in Cluster II had much lower concentrations than the other two clusters. 
The CA results are shown in Figure 5 , where the quality characteristics are revealed more clearly. The cluster analysis results show that the samples could be divided into three quality clusters. Among them, Cluster I includes the samples S2, S6, S5, S1, S11 and S7, Cluster III includes S13 S14 and S12, the others are in Cluster II. All the compounds in Cluster II had much lower concentrations than the other two clusters. Cluster I was distinguished as it contains more 3-acetylganoderenic acid K (F3), ganoderic acid G (F9), ganoderic acid B (F10), unknown F11, lucidenic acid A (F14), and 3,7-oxo-12-acetylganoderic acid DM (F30) than Clusters II and III. The higher concentration of these compounds in Cluster I may be due to the good quality of G. lucidum herb. This indicated that these compounds could be used as marker compounds to distinguish the G. lucidum samples with different quality. The results of CA could be validated against each other and provided more references for the quality evaluation of G. lucidum.
Principal Components Analysis (PCA)
To evaluate the variations in quality of the 15 samples, PCA was carried out with the relative Cluster I was distinguished as it contains more 3-acetylganoderenic acid K (F3), ganoderic acid G (F9), ganoderic acid B (F10), unknown F11, lucidenic acid A (F14), and 3,7-oxo-12-acetylganoderic acid DM (F30) than Clusters II and III. The higher concentration of these compounds in Cluster I may be due to the good quality of G. lucidum herb. This indicated that these compounds could be used as marker compounds to distinguish the G. lucidum samples with different quality. The results of CA could be validated against each other and provided more references for the quality evaluation of G. lucidum.
To evaluate the variations in quality of the 15 samples, PCA was carried out with the relative amounts of each identified component. The contents of 37 fingerprint peaks were applied to evaluate the sample variations. Figure 6 shows the score plots obtained by PCA. The first six principal components accounted for 93.69% of the total variance. Examination of the score plots indicates that the main components responsible for the separation were ganoderic acid B (F10), 3-acetylganoderenic acid K (F3), 3,7-oxo-12-acetylganoderic acid DM (F30), ganoderic acid G (F9), 3,7,15-trihydroxy-11,23-dioxolanost-8,16-dien-26-oic acid (F4), lucidenic acid A (F14), 3-acetyl-ganoderic acid H (F27) and unknown F11, as shown in Figure 6 and Table 4 . These components were deemed to be the marker compounds of sample variation. This result is in accord with the one obtained from the cluster analysis (CA). The combination of PCA and CA was thus a useful tool for quality control and evaluation of G. lucidum.
Materials and Methods
Samples and Reagents
Fifteen G. lucidum samples were purchased from different regions of China and authenticated by Professor Chun-Sheng Liu (School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing, China). Each sample (three replicates) was placed in a dark and dry environment. The regions where the 15 samples were obtained are listed in Table 5 . HPLC grade acetonitrile and acetic acid were obtained from Fisher (Waltham, MA, USA); distilled water was bought from Watsons (Beijing, China) and was filtered through a 0.22 µm membrane (Dikma, Beijing, China) prior to use. All other reagents were of analytical grade. 
Sample Preparation
Dried powder of G. lucidum from different regions (1 g) was accurately weighed out and transferred into a 100 mL conical flask. Chloroform (50 mL) was added to the flask and the flask with the chloroform and powder was placed in an ultrasonic extraction device and extracted for 30 min twice. The solution was cooled and filtered through filter paper, and then the solvent was recovered using a rotary evaporator. The residue was dissolved in a 10 mL volumetric flask using methanol. The solution was filtered through a 0.22 µm membrane filter for fingerprint analysis.
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